Methods: Twenty-six control and 31 glaucoma or glaucoma-suspect participants were recruited. Photopic ERGs were recorded with sensor strip and DTL electrodes in random order using the LKC RETeval device. Stimuli consisted of brief, red flashes (1.7 cd.s/m 2 ) on a blue background (photopic 10 cd/m 2 ). The PhNR amplitude was measured from baseline to trough and also expressed as a ratio over the b-wave amplitude.
Introduction
Despite the potential of the photopic negative response (PhNR) as an objective marker in glaucoma [1] [2] [3] [4] [5] [6] [7] [8] and inner retinal disorders, 9-15 its use has not gained widespread acceptance. This slow clinical translation is possibly related to large test-retest variability, 16, 17 as well as the perceived challenges in recording and interpreting values with conventional electroretinogram (ERG) systems.
The obstacles to routine PhNR recording may be potentially overcome with the availability of a relatively inexpensive, portable ERG device (RETeval; LKC Technologies Inc., Gaithersburg, MD) and improved signal processing techniques to reduce variability. 18 While the RETeval device is marketed as a screening tool for diabetic retinopathy, [19] [20] [21] it can perform International Society for Clinical Electrophysiology of Vision (ISCEV) standard full-field ERG protocols and may be additionally programmed to record the PhNR. 18, 22, 23 The device is sold with self-adhesive, sensor strip electrodes that are easy and quick to apply, and may eliminate the need for an experienced operator. 24, 25 However, the electrode arrangement differs from convention as the active, reference, and ground electrodes are contained within a single strip. Further, while the adhesive gel pads allow for quick application, they may contribute to greater impedance and therefore lower signal quality. The latter is particularly problematic if skin preparation is inadequate, especially as the sensor strips have a large area of skin contact. 23, 25 While a recent study has shown PhNR recordings from the sensor strips to be reproducible between sessions and by different operators, 22 no formal comparison has been made with the commonly used conductive fiber electrodes, Dawson-Trick-Litzkow (DTL) electrodes. 26 Therefore, the aim of this study was to compare the performance of the two electrodes in healthy volunteers and participants with glaucoma to determine which is more suitable for PhNR recording in the clinic using the RETeval device.
Method
Twenty-six healthy volunteer controls (mean age 6 standard deviation [SD]: 52 6 16 years, range: 27-78 years) were recruited from staff and students at the Centre for Eye Research Australia or family members of glaucoma participants. All controls had normal slit-lamp inspection and good ocular health. Eighteen participants returned within 1 month to assess intersession repeatability. Data from three participants were excluded due to significant blink and lid twitch artefacts with the DTL electrode.
Thirty-one glaucoma or glaucoma suspect participants (see Table 1 for demographic data) were recruited from the following two sites: public outpatient clinics at Royal Victorian Eye and Ear Hospital (RVEEH, Melbourne, Australia) or a private ophthalmology clinic (Melbourne Eye Specialists, Australia). The diagnosis of glaucoma was based on the presence of a glaucomatous optic disc with a reproducible visual field (VF) defect (24-2 SITA standard, Humphrey Field Analyser; Carl Zeiss Meditec, Inc., Dublin, CA) and a Glaucoma Hemifield Test (GHT) outside normal limits. Glaucoma suspects were defined as those with suspicious optic disc with a visual field GHT within normal limits. Retinal nerve fiber layer thickness (RNFLT) was measured using spectral-domain optical coherence tomography (SD-OCT; Spectralis, Heidelberg Engineering, Dossenheim, Germany; or RS-3000 Advance; NIDEK, Aichi, Japan).
The research followed the tenets of the Declaration of Helsinki and was approved by the Human Research Ethics Committee at RVEEH (13/1121H). Informed consent was obtained from all participants prior to examination. The exclusion criteria for all participants were visual acuity worse than 6/12, insufficient ERG quality, ophthalmic surgery within the previous 6 months, diabetes mellitus, and other eye conditions (except visually insignificant cataracts). Testing was performed in one eye only as follows: in control participants, this was the eye with the better visual acuity, and in glaucoma participants, this was the eye with the better VF mean deviation (MD).
Electrodes
The RETeval sensor strip and DTL-like electrode were tested one at a time in random order. After cleaning the skin with 70% isopropyl alcohol swabs, the sensor strip was carefully placed 2 mm below the lower eyelid on the orbital rim, and connected to the sensor strip lead. 25 For the DTL setup, a single thread of DTL fiber (22/1 dtex; Shieldex Trading, Palmyra, NY) was placed in the lower conjunctival sac following topical anesthesia (Alcaine 0.5%; Alcon Laboratories, Macquarie Park, NSW, Australia). Reference and ground gold-cup skin electrodes (Grass Technologies, Astro-Med Inc., West Warwick, RI) were placed on the temple and forehead, respectively. These were connected to the RETeval adapter cable.
Electroretinography
The pupil was dilated using tropicamide 0.5% (Mydriacyl; Alcon Laboratories). Participants were adapted to ambient light in the clinic for at least 10 minutes (average 400 lux) followed by 1 minute of blue background light. Monocular, full-field stimulation was produced using the RETeval device. The stimuli consisted of brief ( 4 ms), red flashes (1.7 cd.s/m 2 ) on a steady blue background (photopic 10 cd/m 2 ). One hundred flashes were delivered at a frequency of 2 Hz, which has been found to achieve a good balance between testing time and signal quality. 27 Signals were acquired at a sampling frequency of 2 kHz. Photopic luminance was calibrated using an International Light Photometer (model ILT-1700; International Light Technologies, Newburyport, MA).
Signal Analysis
All raw traces were extracted and processed offline using MATLAB (R2016b; MathWorks, Natick, MA). A band-pass filter (0.3-300 Hz) 28, 29 was applied to the raw data. Individual traces were detrended with a third order polynomial fitted to the entire signal, a method that we have reported recently to provide the optimal balance in reducing baseline drift and improving PhNR repeatability. 18 Artefacts, such as blinks, were removed using a multivariate analysis based on robust principal component analysis (rPCA). In brief, we removed outlier traces that were defined in the two-dimensional rPCA space as traces whose Mahalanobis distance was greater than 2.4, which corresponds to the square root of the 5% upper tail of the v 2 distribution with 2 degrees of freedom. 18 All remaining traces were averaged, and the amplitude of the following parameters were extracted from the average trace as follows: a-wave, defined as the trough in the time window 0 to 30 ms and measured from baseline; b-wave, defined as the maximum after the a-wave and measured from a-wave trough to peak; and the PhNR, defined as the trough after the b-wave in the time window 60 to 90 ms after the stimulus onset. As the PhNR trough can be broad and affected by baseline noise, we averaged 11 consecutive sample points centered at the trough (i.e., 5.5 ms on either side of the minimum) to obtain the PhNR amplitude. 15, 30 The implicit times of the ERG parameters were defined as the delay times to the respective peak and troughs. In addition, the PhNR/b-wave ratio was defined as the PhNR divided by the b-wave (measured from the awave trough). The signal-to-noise ratio (SNR) was calculated as the PhNR amplitude divided by the rootmean-square (RMS) noise of the prestimulus baseline (0-100 ms) of the average waveform.
Statistics
The Shapiro-Wilk normality test was used to assess if the differences in PhNR amplitude, ratio, implicit time, and SNR were normally distributed. Paired Student's t-test was used to compare electrode differences while one-way ANOVA was used to compare group differences. Pearson's correlation coefficient was computed to assess the correlation between mean light sensitivity (MLS) and PhNR parameters in glaucoma and glaucoma suspect participants. The MLS was determined by converting each VF test location (excluding blind spot) from decibel to 1/Lambert units (where the decibel is 10 3 log [1/Lambert]), and averaging all 52 values. 31 The coefficient of repeatability was calculated and expressed as a percentage of mean test-retest values (COR%). 32 Summary measures are presented as mean and SD unless otherwise specified.
Results
Representative ERG traces for both electrodes in a control and glaucoma participant are shown in Figure  1 . The morphology of the ERG waveform and PhNR measured via the sensor strip was maintained in both examples, as evident when the waveforms were normalized to the b-wave (Fig. 1B) . Figure 2 compares the electrode differences in all participants (control and glaucoma) for the PhNR amplitude ( Fig. 2A) , PhNR implicit time (Fig. 2B) , PhNR/b-wave ratio (Fig. 2C) , and SNR (Fig. 2D) . The sensor strip-recorded PhNR (4.8 6 2.1 lV) was approximately one-third of the size of those recorded with DTLs (12.7 6 4.8 lV) and was significantly different (P , 0.0001). The PhNR implicit times were similar ( Fig. 2B , P ¼ 0.24) and while there was a trend for the sensor strip recorded PhNR/b-wave ratio to be larger, this fell just short of statistical significance ( Fig. 2C , P ¼ 0.06). The SNR (Fig. 2D ) was significantly larger with the DTL electrode (8.9 6 3.9) compared with the sensor strip (5.5 6 2.1, P , 0.0001). The amplitude and implicit time for the awave and b-wave are shown in Table 2 and were significantly smaller and faster for the sensor strip electrodes than DTL electrodes.
We further compared the relationship between SNR and increasing the number of sweeps (Fig. 3) . The SNR for both electrodes improved as a function of the square root of the number of sweeps, although it remained significantly larger for the DTL across all sweeps. Extrapolating from the fitted square root function curves, approximately double the number of sweeps, and therefore, double the timing, was required for the sensor strip electrode to achieve the same SNR as the DTL electrode at 100 sweeps. While this may not be a problem if a single flash strength is used as in this study, it would lengthen the time of recording if several flash strengths are recorded as in a stimulus response function. 33, 34 Glaucoma participants were divided into two groups based on their visual field MDs into early (defined as MD . À6 dB, n ¼ 11) and advanced (MD À6 dB, n ¼ 10), and compared with glaucoma suspects and age-matched controls (n ¼ 14, mean age: 63 6 9 years). There was a significant group difference for the PhNR amplitude (Figs. 4A, 4B ) and ratio (Figs. 4E, 4F) recorded with both electrodes (one-way ANOVA, P , 0.05), although there was also significant overlap between glaucoma suspects and early glaucoma with control participants. No group difference was found for the implicit time with either electrodes (Figs. 4C, 4D) .
To better assess the relationship between PhNR parameters and glaucoma disease severity, the correlation with MLS was evaluated in glaucoma suspect and glaucoma participants (Fig. 5) . The reduction in PhNR amplitude recorded using DTL electrodes correlated significantly with the decrease in MLS (Fig. 5A , r ¼ 0.43, P ¼ 0.02). This trend was also seen with the sensor strip but did not reach statistical significance (Fig. 5B) . The PhNR implicit time significantly increased with increasing disease severity (Figs. 5C, 5D) for both electrodes with similar correlation coefficients (r ¼ À0.42, P ¼ 0.02 for DTL and r ¼ À0.42, P ¼ 0.02 for sensor strip). When the PhNR was normalized to the b-wave, both electrodes demonstrated an increase in correlation with MLS, suggesting the ratio may be a more useful measure (Figs. 5E, 5F ). There was no significant correlation between a-or b-wave amplitude and a-wave implicit time with MLS (see Supplementary Figs. S1A-F) . A negative correlation was found for the b-wave implicit time, which was significant for the DTL (r ¼À0.43, P ¼ 0.02) but fell short of significance for the sensor strip electrode (r ¼ À0.33, P ¼ 0.07, Supplementary  Figs. S1G, S1H) .
Finally, test-retest repeatability was assessed in 18 healthy volunteers. The COR% were comparable between electrodes for the PhNR amplitude at 627% and 628% for the DTL and sensor strip, respectively (Fig. 6) . When normalized to the b-wave, the COR% improved significantly for the sensor strip electrode but remained the same as the amplitude measure for the DTL electrode ( Table 2 ).
Discussion
The purpose of this study was to determine whether the sensor strip-recorded PhNR was comparable to those obtained with DTL electrodes when using the RETeval device.
Skin electrodes are commonly used in the pediatric population [35] [36] [37] and have been shown to be effective for pattern electroretinogram (PERG) recordings using the ''PERGLA'' protocol. 38, 39 Recent studies have found skin electrodes to be a viable alternative for recording the PhNR in healthy controls 16 and in glaucoma participants. 40 As with other types of skin electrodes, however, the ERG parameters recorded with the sensor strips were approximately 30% to 35% the size of DTLs. 16, 36, 37, 41 We also noted shorter implicit times for the a-and b-wave, which has been previously reported with other skin electrodes. 36 Interestingly, however, this did not apply for the PhNR, where there was a trend for longer implicit times for the sensor strips. While we do not have clear explanation for this, it may be related to the orientation of RGCs and their axons in the retina. Further, while the waveforms were similar when normalized to the b-wave, there was a trend for the ratio to be slightly larger with the sensor strip electrode. This suggests that while normalization reduced the differences between the two electrodes, they may not be completely interchangeable.
The sensor strip electrodes were well-tolerated and easier to apply than DTL electrodes. Due to their position, the sensor strip electrodes were also less influenced by blink and lid twitches, 42 unlike the DTL electrodes where data from three participants were excluded due to artefacts. Despite this, the larger ERG amplitudes and better SNR with DTL electrodes may be important in cases of reduced amplitudes, such as in advanced glaucoma or detection of small response changes.
The ISCEV standard for full-field clinical electroretinography suggests that skin electrodes may not be appropriate in disease states with attenuated signals. 28 However, this may not be a problem if a high SNR is achieved to enable differentiation across disease severity. 38, 39 Consistent with previous studies, we observed a significant group difference for the PhNR amplitude and ratio with both electrodes. 4, [6] [7] [8] 43, 44 We also found a modest positive correlation between DTL-recorded PhNR amplitude with visual field MLS. The sensor strip showed a similar trend, although this fell short of statistical significance, which was likely due to the small sample size and poorer SNR. Nevertheless, when normalized to the bwave, both electrodes showed an improved correlation with MLS, suggesting the sensor strip electrode may be appropriate for recording across a range of glaucoma severity. Further, we observed a negative correlation between MLS and implicit time, which has been suggested in previous studies for the PhNR 44, 45 and b-wave. 2, 46 The effect on the b-wave is interesting, as there is evidence in animal models that third-order neurons, namely amacrine and ganglion cells, can contribute to the b-wave response. 47, 48 In humans, the effect of glaucoma on the b-wave is conflicting, with some studies finding a reduction in amplitude, 5, 49 while others not observing a difference. 2, 3 Thus, the increase in b-wave implicit time with glaucoma severity needs to be confirmed in a larger cohort. In addition, while several participants had advanced glaucoma, the sample size in this study was too small to examine specifically the PhNR measurement ''floor'' of the electrodes. Similar to Mortlock et al., 16 we found a comparable PhNR intersession repeatability for both electrodes. However, the COR% reported for the PhNR amplitude in this study is a significant improvement compared with previous baseline measures of the PhNR. 16, 17 This may be explained by averaging a larger number of sweeps 40 and adequate baseline detrending as we have demonstrated previously. 18 In addition, the PhNR/b-wave ratio had significantly improved COR% for the sensor strip electrode. However, this did not occur for the DTL electrode, suggesting that factors contributing to the variability of DTL recordings, such as electrode placement and lid artefacts, could not be reduced by , and ratio (E, F) recorded using DTL (left) and sensor strip (right) between control (age-matched), glaucoma suspects, and glaucoma participants divided according to VF MD. C, control; GS, glaucoma suspect; EG, early glaucoma (defined as MD . À6 dB); AG, advanced glaucoma (defined as MD À6 dB). Values are mean and SD. One-way ANOVA performed; *P , 0.05. normalizing to the b-wave. However, a study limitation was that the electrode repeatability was not assessed in glaucoma participants. While we do not expect there to be differences between the electrodes, it is possible that recordings in glaucoma participants may be more variable compared with control participants.
In summary, sensor strip electrodes may provide a viable alternative to DTLs to recording the PhNR using the LKC RETeval device, particularly when normalized to the b-wave. Both electrode types have their advantages and disadvantages, and the choice depends on the application. Future studies are required to determine the measurement floor in advanced disease, and whether longitudinal changes related to disease progression or treatment can be detected using the sensor strip electrode.
